Recent genome-wide analyses of yeast and human chromatin revealed the widespread prevalence of DNase I hypersensitive sites (DNase I HSs) at gene regulatory regions with possible roles in eukaryotic gene regulation. The presence of DNase I HSs in plants has been described for only a few genes, and we analyzed the chromatin structure of an 80 kb genomic region containing 30 variably expressed genes by DNase I sensitivity assay at 500 bp resolution in Arabidopsis. Distinct DNase I HSs were found at the 5 0 and/or 3 0 ends of most genes irrespective of their expression levels. Further analysis of well-characterized genes showed that the DNase I HSs occurred near cis-regulatory elements in the promoters of these genes. Upon transcriptional activation of a heat-inducible gene, the DNase I HS was extended into the vicinity of a cis-element and adjacent TATA element in the promoter. Concomitant with this change in DNase I HS, histones were acetylated, removed from the promoter, and a transcription activator bound to this cis-element. These results suggest that the DNase I HSs participate in the transcriptional regulation of Arabidopsis genes by enhancing the access of chromatin remodeling factors and/or transcription factors to their target sites as seen in yeast and human chromatin.
Introduction
In eukaryotes, DNA is organized into chromatin which is basically inaccessible to proteins mediating and/or regulating DNA-templated processes such as gene transcription. The fundamental unit of chromatin is the nucleosome, which consists of 147 bp of DNA wrapped 1.7 times around a core histone octamer in a left-handed superhelix (Luger et al. 1997) . The packaging of DNA into nucleosomes affects sequence accessibility to many DNA-binding proteins, and the positioning of nucleosomes along the genome has been implicated in the regulation of gene expression (Venter et al. 1994 , Wallrath et al. 1994 , Anderson and Widom 2000 . In the eukaryotic genome, nucleosome-free regions with enhanced chromatin accessibility are detected as DNase I hypersensitive sites (DNase I HSs), and these have been found predominantly in gene regulatory regions including promoters, enhancers and locus control regions (Gross and Garrard 1988) . DNase I HSs are thought to participate in transcriptional regulation by enhancing the access of transcription factors to resident cis-binding elements (Gross and Garrard 1988) . For example, in the stress-inducible yeast PHO5 and HSP82 gene promoters, the presence of DNase I HSs at ciselements at their inactive states allows their rapid transcriptional activation under stress conditions by facilitating the access of these cis-elements to transcription factors (Gross et al. 1993 , Lu et al. 1993 , Venter et al. 1994 . Recently, the genome-wide mapping of DNase I HSs in yeast and human was undertaken, and the prevalence of DNase I HSs was much higher than previously thought (Bernstein et al. 2004 , Crawford et al. 2004 , Ercan and Simpson 2004 , Sabo et al. 2004 , Yuan et al. 2005 , Crawford et al. 2006a , Crawford et al. 2006b , Sabo et al. 2006 . In yeast chromatin, DNase I HSs are found at cis-regulatory elements in the promoters of most genes, but they are not found in the coding regions (Bernstein et al. 2004 , Ercan and Simpson 2004 , Yuan et al. 2005 . In human chromatin, DNase I HSs are also enriched in gene regulatory regions such as promoters, CpG islands and transcription termination sites, however, in contrast to yeast, half of the HSs are found in introns (Crawford et al. 2004 , Sabo et al. 2004 , Crawford et al. 2006a , Crawford et al. 2006b , Sabo et al. 2006 .
In plants, DNase I HSs have been described in only a few genes including Arabidopsis Adh (Vega-Palas and Ferl 1995), tomato Proteinase inhibitor I (Conconi and Ryan 1993) , and Chlamydomonas HSP70A and RbcS2 genes (Lodha and Schroda 2005) . These DNase I HSs were also found near cis-regulatory elements in the promoters of these genes (Vega-Palas and Ferl 1995, Lodha and Schroda 2005) . To understand and characterize further the role of DNase I HSs in regulating plant gene expression, it is necessary to analyze the presence of HSs in numerous genes. In this study, we analyzed the chromatin structure of an 80 kb genomic region containing 30 variably expressed genes by DNase I sensitivity assay at 500 bp resolution in Arabidopsis. Furthermore, we analyzed the position of DNase I HSs in the promoters of several well-characterized genes, and we further characterized changes in HSs during the transcriptional activation of a heat-inducible gene in terms of chromatin accessibility, histone acetylation and transcription activator binding.
Results
DNase I HSs are present at the 5 0 and/or 3 0 ends of most genes irrespective of their expression levels
We analyzed the DNase I sensitivity of an 81,494 bp long region of the Arabidopsis genome covered by bacterial artificial chromosome (BAC) clone MXK3 residing about 1 Mb from the end of the long arm of chromosome V at 500 bp resolution. This region contains 30 protein-coding genes with expression levels in leaves varying 4500-fold (Hanano et al. 2002) , two tRNA genes and one pseudogene (for gene organization, see Fig. 1B ). DNase I sensitivity was analyzed by Southern blotting with 500 bp DNA probes using membranes which were prepared with leaf genomic DNA that had been subjected to the same DNase I digestion series. To confirm the specific hybridization of a probe to its target genomic region, EcoRI-, EcoRV-or HindIII-digested genomes were also included in the membranes (Fig. 1A , lanes E, V and H, respectively). The DNase I sensitivity was analyzed using a total of 163 continuous and non-overlapping 500 bp DNA probes covering the entire 81,494 bp MXK3 region.
The DNase I digestion profiles of bulk chromatin and the XK101-104 region corresponding to a portion of the coding and intergenic regions of the ABC transporterlike (At5g64940) and Unknown (At5g64950) genes are shown in Fig. 1A as representatives of the entire set of 163 autoradiographs. In the XK101-104 region, bands derived from DNase I HSs were detected at 6.5 and 5.0 kb in the XK101-102 segment, and at 6.5 and 1.5 kb in the XK103-104 segment (Fig. 1A) . This pattern indicates that a DNase I HS is located near the border of the XK102 and XK103 segments, and that two more sites exist 5.0 kb 5 0 of the ABC transporter-like gene and 1.5 kb 3 0 to this site (Fig. 1A) . As predicted, different band patterns were observed in the XK92 and XK106 segments (data not shown). These three DNase I HSs were mapped to the 5 0 and 3 0 ends of the ABC transporter-like and Unknown genes (Fig. 1A) . In total, we found 40 DNase I HSs and mapped them to the entire MXK3 region at 500 bp resolution (Fig. 1B) . All DNase I HSs were located at the 5 0 and/or 3 0 ends of genes, with 28 of 30 genes possessing such sites, and sites were never found within the coding regions of genes. A single DNase I HS located between neighboring genes may be associated with one of the adjacent genes, with both genes, or an additional site may exist. Given the high gene density of the Arabidopsis genome and the limited resolution of our mapping method, we cannot distinguish between these possibilities for most of the genes contained in the region examined. The presence of 5 0 -located DNase I HSs did not correlate with the expression level of the associated gene. For example, DNase I HSs were present at the 5 0 ends of the highly expressed At5g64840 (ABC transporter protein 1-like) gene as well as the unexpressed At5g64811 (WRKY transcription factor) and At5g64900 (unknown) genes ( Fig. 1B ; gene expression levels are based on Hanano et al. 2002) . In contrast to the DNase I HSs located at the 5 0 or 3 0 ends of genes, two sites were not associated with protein-coding genes (marked with asterisks in Fig. 1B ). The bands observed in the XK101 and XK103 segments were not observed in DNase I-digested naked DNA (Fig. 1C) , confirming that these bands are dependent upon the in vivo protein-bound structure of the DNA.
DNase I HSs are present near cis-regulatory elements in the promoters of well-characterized genes
In yeast chromatin, DNase I HSs are formed at cis-regulatory elements in gene promoters (Ercan and Simpson 2004, Yuan et al. 2005) . To examine the position of the DNase I HSs in Arabidopsis gene promoters, we analyzed the well-characterized HSP18.2 (heat shock protein 18.2; At5g59720) (Takahashi and Komeda 1989, Zhang et al. 2001) , RD29b (responsive to desiccation 29b; At5g52300) (Uno et al. 2000) , PCNA1 (one of two copies of the proliferating cell nuclear antigen gene; At1g07370) (Tremousaygue et al. 1999 , Kosugi and Ohashi 2002 , Tremousaygue et al. 2003 , Uemukai et al. 2005 ) and V-ATPase (vacuolar-type proton ATPase subunit A; At1g78900) (Magnotta and Gogarten 2002) genes in differentiated mature leaves and actively dividing suspension cells. The heat-inducible HSP18.2 promoter has six heat shock factor (HSF)-binding sites known as heat shock elements (HSEs); three HSEs (HSE1) distal and three HSEs (HSE2) proximal to the transcription initiation site (Takahashi and Komeda 1989, Zhang et al. 2001) . The RD29b promoter has two ABA-responsive elements (ABREs) required for its transcriptional activation by ABA (Uno et al. 2000) . The PCNA1 gene has one E2F-binding site and one AtPura-binding site known as a telo-box, 460 DNase I hypersensitive sites in Arabidopsis DNase I hypersensitive sites in Arabidopsiswhich are both involved in PCNA gene activation during the G 1 /S phase of the cell cycle (Tremousaygue et al. 1999 , Kosugi and Ohashi 2002 , Tremousaygue et al. 2003 , Uemukai et al. 2005 . The V-ATPase promoter has two CCAAT boxes surrounding one TATA box (Higo et al. 1999) , and it is constitutively expressed in various tissues, reflecting its housekeeping function (Magnotta and Gogarten 2002) .
To analyze the position of DNase I HSs at higher resolution, the HSs in the promoters of these four genes were mapped by the indirect end-labeling method. Using this procedure, we detected DNase I HSs as distinct bands near the promoter-distal HSE1 in HSP18.2, near the two ABREs in RD29b, near the telo-box in the PCNA1 and near the two CCAAT boxes and TATA box in the V-ATPase gene promoters in both leaves and suspension cells ( Fig. 2A-D) . The bands were detected at the same position in these promoters using DNA probes abutting the other restriction enzyme sites (data not shown). Thus, DNase I HSs are located near transcription factor-binding motifs in these promoters. The DNase I digestion profiles of naked DNA gave smears or faint bands ( Fig. 2A-D) , confirming that bands observed in vivo are dependent on chromatin structure.
DNase I HSs are extended upon transcriptional activation of the HSP18.2 gene
In yeast, DNase I HSs are reported to show structural alteration upon transcriptional activation of stress-inducible gene promoters (Venter et al. 1994) . To characterize the roles of DNase I HSs in the transcriptional activation of an Arabidopsis gene, we analyzed the chromatin structure of the heat-inducible HSP18.2 gene as a model. The HSP18.2 gene was not expressed under normal conditions, but its transcription was rapidly induced by heating suspension cells to 308C (Fig. 3A) . We selected 0.5 h of heating at 308C for further study because the amount of mRNA was steadily increasing at this time point. The DNase I hypersensitivity and nucleosome structure of the HSP18.2 promoter were analyzed in both inactive (ÀHeat) and active states (þHeat) by indirect end-labeling using the downstream probe abutting the AseI site (probe H in Fig. 3B ). In its inactive state, a DNase I HS was detected near the distal HSE1 (upstream of the BclI site in Fig. 3B , left); this site was also hypersensitive to micrococcal nuclease (MNase) digestion (Fig. 3B, right) . Upon heat activation, the DNase I HS extended downstream beyond the BclI site located between the HSE1 and HSE2, and the MNase HS also shifted downstream (Fig. 3B ). An identical pattern of nuclease sensitivity was observed when using the upstream probe abutting another AseI site (data not shown). These changes were not due to differences in sample preparations, because the nuclease digestion profiles of the same samples were similar at the constantly expressed V-ATPase gene promoter before and after heat treatment (Fig. 3A, C) . The MNase digestion profiles of naked DNA gave smears overlapping by a few faint bands (data not shown), confirming that bands observed in vivo are dependent on chromatin structure. Except for the MNase HSs, bands derived from well-positioned nucleosomes were detected in the V-ATPase gene (bands detected below 1.5 kb in Fig. 3C, right) but not in the HSP18.2 gene (Fig. 3B, right) in the MNase sensitivity assay. This may be due to the less firmly positioned nucleosomes in the HSP18.2 coding region.
Histones are removed and/or acetylated upon transcriptional activation of the HSP18.2 gene
In addition to nuclease sensitivity, we analyzed the histone occupancy and acetylation state at the HSP18.2 promoter in both its inactive and active state by chromatin immunoprecipitation (ChIP) assay. In the yeast PHO5 promoter, histone acetylation plays an essential role in transcriptional activation by enhancing the removal of nucleosomes adjacent to DNase I HS (Reinke and Horz 2003) .
We first measured the histone occupancy at the HSP18.2 promoter (primer and Taqman probe set 2F, 2R and 2T in Fig. 4A ) and V-ATPase coding region (primer and Taqman probe set VF, VR and VT in Fig. 4A ) as a control by ChIP assay using antibodies against unmodified histone H3 in heat-untreated (HeatÀ) and treated (Heatþ) cells. The absolute histone H3 occupancy at the HSP18.2 promoter was decreased upon activation (Fig. 4B, left) . To compare the signals from heat-untreated and treated cells, the absolute histone H3 occupancy at the HSP18.2 promoter was normalized to the histone occupancy at the constantly expressed V-ATPase coding region (Fig. 4B, right) . The normalized H3 occupancy at the HSP18.2 promoter decreased by about 2-fold upon transcriptional activation (Fig. 4B, right) .
We next measured the histone acetylation at the HSP18.2 promoter in heat-untreated and treated cells by ChIP assay using antibodies against histone H3 acetylated at K9 and K14. The absolute histone H3 acetylation signals at the HSP18.2 promoter were virtually unchanged upon activation (Fig. 4C, left) . Because the histone H3 occupancy decreased at the HSP18.2 promoter following activation, the absolute histone acetylation signals were normalized to the H3 occupancy at the same promoter. The normalized signal at the HSP18.2 promoter was further normalized to the signal obtained at the V-ATPase coding region to correct for differences in untreated and treated samples (Fig. 4C, right) . The doubly normalized H3 acetylation levels increased by 1.6-fold at the HSP18.2 promoter following heating (Fig. 4C, right) , and changes in DNase I hypersensitive sites in Arabidopsishistone H4 occupancy and acetylation were comparable (data not shown). Thus, histones H3 and H4 are acetylated and/or removed from the HSP18.2 promoter upon transcriptional activation of the HSP18.2 gene. The increased histone acetylation may reflect the acetylation of histones prior to their removal and/or the acetylation of histones adjacent to the removed histone(s). ChIP assays using normal rabbit IgG as a negative control gave undetectable signals at the HSP18.2 promoter and V-ATPase coding region in untreated and treated cells (data not shown).
The transcription activator HSF1 primarily binds HSE2 upon transcriptional activation
To analyze the relationship between the altered nuclease accessibility and transcription activator binding in the HSP18.2 promoter, we analyzed HSF1 binding at the HSP18.2 promoter (primer and probe set 2F, 2R and 2T in Fig. 4A ) and V-ATPase coding region (primer and probe set VF, VR and VT in Fig. 4A ) as a negative control by ChIP assay using antibodies specific for the HSF1 in heatuntreated and treated cells. HSF1 was previously identified 
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DNase I hypersensitive sites in Arabidopsis as a transcriptional activator of the HSP18.2 gene (Zhang et al. 2003 , Lohmann et al. 2004 ). The HSF1 ChIP signal at the HSP18.2 promoter was similar to that of the V-ATPase coding region in its inactive state but, upon activation, this signal increased by 7-fold (Fig. 5A) . Thus, HSF1 binds the HSP18.2 promoter upon activation as previously reported (Zhang et al. 2003) .
To determine whether HSF1 binds HSE1 and/or HSE2, chromatin from heat-treated cells was digested with BclI before immunoprecipitation. Because a BclI site is located between HSE1 and HSE2 (Fig. 4A ), digestion will separate the chromatin fragments containing HSE1 or HSE2. We first estimated the degree of BclI digestion at this site by quantitative PCR using DNA from BclI-undigested and digested chromatin as templates. The input DNA was recovered before immunoprecipitation and measured by quantitative PCR with the primer and probe set 1F, 2R and 1T (HSE1-2 set) to detect undigested DNA, and 1F, 1R and 1T (HSE1 set) or 2F, 2R and 2T (HSE2 set) to detect total DNA (Figs. 4A, 5B ). When measured with the HSE1-2 primer set, the amount of input DNA from the BclI-digested chromatin (BclIþ) was reduced by approximately 60% compared with that from the BclI-undigested chromatin (BclIÀ) (Fig. 5B) . In contrast, when measured with the HSE1 or HSE2 primer set, the input DNA from the BclI-digested chromatin was similar to that from the BclI-undigested chromatin (Fig. 5B) . Thus, approximately 60% of the chromatin was digested at the BclI site between HSE1 and HSE2. We further analyzed HSF1 binding by ChIP assay using BclI-undigested and digested chromatin.
When measured with the HSE1 primer set, the absolute HSF1 ChIP signal from BclI-digested chromatin was reduced by approximately 40% compared with undigested chromatin (Fig. 5C ). In contrast, when measured with the HSE2 primer set, the absolute HSF1 ChIP signal from BclI-digested chromatin was similar to that seen from undigested chromatin (Fig. 5C ). These data show that the activator HSF1 primarily binds to HSE2 upon HSP18.2 activation. ChIP assays using normal rabbit IgG as a negative control gave undetectable signals at the HSP18.2 promoter and V-ATPase coding region in untreated and treated cells (data not shown). Suspension cells before (HeatÀ) and after the heat treatment (Heatþ) at 308C for 0.5 h were fixed with formaldehyde. Chromatin fragments were precipitated with antibodies specific for unmodified histone H3 or acetylated H3. The amounts of immunoprecipitated DNA were determined by quantitative PCR with specific primers and Taqman probes for the HSP18.2 promoter (primer and probe set 2F, 2R and 2T) and V-ATPase coding region (primer and probe set VF, VR and VT) using the input DNA from heatuntreated cells as standard, and are shown in arbitrary units. The absolute histone H3 occupancy (B, left) and H3 acetylation levels (C, left) at the HSP18.2 promoter and V-ATPase coding region, the normalized H3 occupancy (B, right) and doubly normalized H3 acetylation (C, right) at the HSP18.2 promoter before and after heat treatment are shown as gray bars. For the method of normalization, see text. The data are expressed as the mean AE SD.
DNase I hypersensitive sites in Arabidopsis

Discussion
In this study, we identified distinct DNase I HSs at the 5 0 and/or 3 0 ends of most genes in an 80 kb genomic region in Arabidopsis. The presence of the DNase I HSs at the 5 0 ends of the Arabidopsis genes is similar to that seen in yeast and human chromatin where HSs are also found in the promoters of many genes (Ercan and Simpson 2004 , Yuan et al. 2005 , Crawford et al. 2006a , Sabo et al. 2006 . The DNase I HSs were also found at the 3 0 ends of genes in the Arabidopsis MXK3 region (Fig. 1B) , and this is similar to the data from human chromatin where HSs are located at many transcription termination sites (Crawford et al. 2006a , Sabo et al. 2006 . Although the functional importance of these 3 0 -located DNase I HSs in plant transcriptional regulation remains to be elucidated, this will be an interesting area of future research. The DNase I HSs were never found within the coding regions of the Arabidopsis genes analyzed here as previously seen for yeast genes (Ercan and Simpson 2004, Yuan et al. 2005) . The absence of DNase I HS contrasts with data from the human genome where about half of the HSs are located within introns (Sabo et al. 2006 ). This difference may reflect different methods of gene regulation in Arabidopsis and humans or the much shorter intron lengths of Arabidopsis genes (total intron length on average; 1.2 kb/Arabidopsis gene vs. 14 kb/human gene; Deutsch and Long 1999) . A DNase I HS was also found in the 5 0 region of a pseudogene in the MXK3 region (Fig. 1B) , but this site is presumably involved in the regulation of an expressed upstream gene (At5g65000) arranged in a head-to-head orientation. In contrast to the DNase I HSs located at the 5 0 or 3 0 ends of genes, two sites were not associated with proteincoding genes (marked with asterisks in Fig. 1B) . It is possible that as yet undiscovered genes exist adjacent to these two sites. Indeed, the At5g64811, 13 and 16 genes were formerly annotated as the single At5g64810 gene, and the presence of two DNase I HSs within this gene was exceptional. However, the recent discovery of three new genes made the position of these HSs consistent with current models (Fig. 1B) . Another possibility is that these DNase I HSs represent locus control regions regulating their target genes at a distance (Dean 2006) . DNase I HSs were found in differentiated quiescent leaves and undifferentiated dividing suspension cells at the same positions in well-characterized gene promoters (Fig. 2) , suggesting that HS is a pervasive structure. The presence of DNase I HSs at the 5 0 ends of most genes, whether the gene is active at different levels or inactive, suggests that basically nucleosome-free regions exist at these 5 0 ends of genes. Some of the factors that might contribute to creation of nucleosome-free DNase I HSs are the binding of transcription factors, changes in DNA conformation caused by protein binding, altered or remodeled nucleosomes (Gross and Garrard 1988) or the DNA sequence itself (Segal et al. 2006) . The identification of the factor(s) responsible for regulating DNase I HSs Fig. 5 ChIP analysis of activator HSF1 binding to the HSP18.2 promoter in its inactive and active states. (A) Suspension cells before (HeatÀ) and after heat treatment (Heatþ) at 308C for 0.5 h were fixed with formaldehyde. Chromatin fragments were precipitated with antibodies specific for HSF1. The amount of co-immunoprecipitated DNA was determined by quantitative PCR with specific primers and Taqman probes for the HSP18.2 promoter (primer and probe set 2F, 2R and 2T in Fig. 4A ) and V-ATPase coding region (primer and probe set VF, VR and VT in Fig. 4A ) using the input DNA from heat-untreated cells as a standard, and these data are shown as gray bars in arbitrary units. (B) Cross-linked chromatin of heat-treated cells was mock incubated (BclIÀ) or incubated with BclI (BclIþ) and sonicated. The amount of the respective input DNA was determined by quantitative PCR with primer and probe set 1F, 1R and 1T (HSE1), 2F, 2R and 2T (HSE2) and 1F, 2R and 1T (HSE1-2) using the input DNA from mockincubated cells as a standard, and these data are shown as gray bars in arbitrary units. (C) The amounts of immunoprecipitated DNA with antibodies specific for HSF1 in the undigested (BclIÀ) and digested (BclIþ) chromatin were determined by quantitative PCR with primer and Taqman probe set for the HSE1 or HSE2 using the input DNA from mock-incubated cells as a standard, and these data are shown as gray bars in arbitrary units. The data are expressed as the mean AE SD.
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DNase I hypersensitive sites in Arabidopsis and their relationship with transcriptional control are essential for a complete understanding of gene regulation in Arabidopsis. The presence of DNase I HSs regardless of the gene expression levels raises the possibility that some sites may function in processes other than transcription, such as DNA replication (Brown et al. 1991, Ercan and Simpson 2004) , structural organization of chromatin through interaction with nuclear architecture (Udvardy et al. 1985 , Zhao et al. 1995 or a minor role yet to be detected. DNase I HSs were found near the cis-regulatory elements of the HSP18.2, RD29b, PCNA1 and V-ATPase genes (Fig. 2) . In the HSP18.2 promoter, the DNase I HS was pre-formed near the promoter-distal HSE1, and upon transcriptional activation this HS was extended accompanied by histone H3 and H4 acetylation and/or removal (Figs. 3, 4) . In addition to these dynamic changes in nucleosome structure that occur during the activation process, we demonstrated that the activator HSF1 primarily bound the HSE2 site (Fig. 5 ). This binding of the HSF1 to the HSE2 and activated transcription of the HSP18.2 gene (Figs. 3, 5) suggest that the DNase I HS extends to the HSE2 and adjacent TATA element (15 bp downstream of the HSE2) upon activation. These changes and activator binding are similar to the activation process of the yeast PHO5 gene, in which the nucleosome remodeling complex (including histone acetyltransferase and SWI/SNF) is recruited to the pre-formed DNase I HS, and acetylates and removes nearby histones, thereby facilitating the binding of activator PHO4 to the newly exposed elements , Venter et al. 1994 , Reinke and Horz 2003 . Similarly, DNase I HSs may participate in the transcriptional regulation of Arabidopsis genes by enhancing access to chromatin remodeling factors and/or transcription factors.
In contrast to the Arabidopsis HSP18.2 gene, well-documented yeast HSC82 and Drosophila hsp26 gene promoters have pre-formed DNase I HSs containing critical HSEs and a TATA box, and these HSs remain relatively unchanged upon transcriptional activation (Cartwright and Elgin 1986, Erkine et al. 1996) . These DNase I HSs are pre-formed by the pre-bound activator HSF in the HSC82 promoter (Erkine et al. 1996) , and by the pre-bound activator GAGA, TFIID complex and paused RNA polymerase in the hsp26 promoter (Leibovitch et al. 2002) . Although the DNase I HS of the HSP18.2 gene showed dynamic changes upon transcriptional activation different from those of the HSC82 and hsp26 genes, the HS observed at the HSP18.2 promoter before activation may be similarly pre-formed by as yet unknown pre-bound transcription factor(s).
In this study, we reported the widespread prevalence of DNase I HSs at the 5 0 and/or 3 0 ends of most Arabidopsis genes in an 80 kb genomic region, and we characterized the HSs at the promoters of several well-characterized genes during transcriptional activation of the HSP18.2 gene. These results encourage a more detailed functional analysis of the DNase I HS in transcriptional regulation as well as the large-scale analysis of HS by using genomic tiling arrays (Yuan et al. 2005 , Crawford et al. 2006a , Sabo et al. 2006 or sequencing analysis (Crawford et al. 2004 , Crawford et al. 2006b ) pioneered in the yeast and human genome to understand the regulation of gene expression in Arabidopsis. Mapping of the DNase I HSs in other plant species may reveal the general and plant-specific chromatin structural features.
Materials and Methods
Plant material and growth conditions Arabidopsis thaliana ecotype Columbia Col-0 was grown in potting soil at 228C under a 16 h light/8 h dark cycle. Arabidopsis suspension cell strain T87 (Axelos et al. 1992) were grown in modified LS medium (Nagata 1992) with constant agitation at 84 r.p.m. and 228C under a 16 h light/8 h dark photoperiod. A 6 ml aliquot of suspension culture was transferred into 95 ml of fresh medium every week.
Digestion with nucleases and DNA purification
Digestion with nucleases was performed using a modification of a previously described method (Vega-Palas and Paul 1995). Leaves of 6-week-old plants were collected and ground in a cold mortar with ice-cold nuclei isolation buffer (NIB; 50 mM Tris, pH 8.0, 5 mM MgCl 2 , 0.1 mM EGTA, 0.3 M sucrose, 1 mM b-mercaptoethanol and 0.1 mM phenylmethylsulfonyl fluoride). The resulting slurry was homogenized with a motor-driven homogenizer, and the homogenate was filtered through one layer of a 105 mm nylon mesh filter. The permeabilized cells were pelleted by centrifugation at 2,000Âg at 48C for 10 min, washed twice with NIB and resuspended in an appropriate volume of NIB. The suspensions were pre-incubated at 378C for 2 min and digested with DNase I (Sigma-Aldrich, St Louis, MO, USA) at 0, 0.025, 0.25, 0.5, 1 and 2 U ml À1 at 308C for 10 min. After digestion with nucleases, the reaction was stopped by adding EDTA to 16 mM. The DNA was purified as outlined previously (Vega-Palas and Paul 1995). For DNase I digestion of suspension cells, 6-day-old suspension cells were collected and ground into a fine powder in the presence of liquid nitrogen with a mortar and pestle. The resulting powder was suspended in NIB and treated as described for leaves. DNase I digestion was performed at 0, 5, 10, 20, 30 and 50 U ml À1 for suspension cells. For MNase (USB Corporation, Cleveland, OH, USA) digestion of suspension cells, the permeabilized cells were suspended in MNase buffer (50 mM Tris, pH 8.0, 5 mM MgCl 2 , 1.5 mM NaCl, 1 mM CaCl 2 , 0.3 M sucrose and 0.005 mM b-mercaptoethanol), pre-incubated at 378C for 2 min and digested with increasing concentrations of MNase (0, 10, 20, 50, 100 and 200 U ml À1 ) at 378C for 10 min. Naked genomic DNA was digested with DNase I at 0.01 and 0.025 U ml À1 at 308C for 10 min in NIB.
Preparation of DNA probes All DNA probes used for nuclease sensitivity assays were 500 bp long and prepared as described below. BAC clone MXK3 DNase I hypersensitive sites in Arabidopsiswas divided into continuous, non-overlapping 500 bp segments from the first nucleotide base designated as coordinate number 1. Each 500 bp segment was numbered consecutively from number 1, preceded by two letters XK (e.g. probe XK101 corresponds to bases 50,001 to 50,500 in the MXK3 clone). For indirect endlabeling analysis (Wu 1980) , probe H (51,443-51,942 on the MTH12 clone, abutting the AseI site), probe R (6,832-7,331 on K24M7, abutting the EcoRV site), probe P (78,642-79,141 on F22G5, abutting the XhoI site) and probe V (15,668-16,167 on F9K20, abutting the AseI site) were used for the HSP18.2, RD29b, PCNA1 and V-ATPase genes, respectively. All 500 bp DNA fragments were amplified from the Arabidopsis genome by PCR using 30-mer primer pairs. The amplified 500 bp fragments were inserted into the HincII site of pUC19, and the identity of the inserted DNA was verified by sequencing. The resulting plasmid was used as a template for PCR amplification with M13 forward and reverse primers, and amplified DNA fragments were used as a DNA probe. All information about gene position and gene annotation is based on the MIPS A. thaliana database (MAtDB; http://mips.gsf.de/proj/thal/db).
Nuclease sensitivity assays by Southern blotting
The nuclease sensitivity of the specific genomic DNA regions was evaluated by Southern blot using the corresponding DNA probes. Nuclease-treated DNA fragments were separated on 1% agarose gels and transferred to nylon membranes (Hybond-Nþ, Amersham Biosciences, Piscataway, NJ, USA). The membrane was hybridized with a DNA probe random-labeled with [a-32 P]dCTP, washed, and visualized by exposure to X-ray film as previously described (Nagaya et al. 2005) .
Northern blot analysis
Total RNA was isolated from suspension cells as described previously (Nakayama et al. 2000) . Total RNA (20 mg per lane) was fractionated on a 1% agarose gel containing formaldehyde and transferred onto a Hybond-Nþ nylon membrane. The blot was hybridized with the full-length HSP18.2 cDNA probe to detect HSP18.2 mRNA. The same blot was also stripped and rehybridized with the 1,677 bp V-ATPase cDNA probe (þ14 to þ1,690 relative to the ATG) for V-ATPase transcripts.
ChIP assay
ChIP assay was performed using modifications of previously described methods (Gendrel et al. 2002) . To cross-link suspension cells, formaldehyde was directly added to a final concentration of 1% and incubated at 228C for 20 min. Cross-linking was stopped by adding glycine to a final concentration of 0.1 M and incubating at 228C for 5 min. Cross-linked cells were collected and ground into a fine powder in the presence of liquid nitrogen with a mortar and pestle. The resulting powder was suspended in cold NIB, filtered through one layer of a 20 mm nylon mesh filter, washed once with NIB and finally suspended in a small volume of NIB. The disrupted cells (equivalent to 24 mg of wet weight) were pelleted by centrifugation, lysed in nuclei lysis buffer (50 mM Tris, pH 8.0, 10 mM EDTA, 1% SDS) containing proteinase inhibitor cocktail (Roche, Indianapolis, IN, USA), and the chromatin was sheared to an average fragment size of approximately 0.4 kb by sonication (Astrason, MISONIX at level 4, Farmingdale, NY, USA) at 48C. The sheared chromatin solution was treated as described (Gendrel et al. 2002) . The antibodies used for ChIP assay were specific for histone H3 (#ab1791, Abcam, Cambridge, UK), H3 acetylated at K9 and K14 (#06-599, Upstate Biotechnology, Lake Placid, NY, USA) (Ng et al. 2006) , rabbit polyclonal antibody raised against the unique C-terminus peptides of the HSF1; CNDFPTENYMDTEK and CRHMDKLIEELGL (Zhang et al. 2003) , or normal rabbit IgG (#sc-2027, Santa Cruz Biotechnology, Santa Cruz, CA, USA) as a negative control. For the BclI digestion of cross-linked chromatin, disrupted cells were finally suspended in NIB containing 60 mM NaCl and incubated with 1500 U ml À1 of BclI (New England Biolabs, Beverly, MA, USA) at 408C for 16 h before lysing in NLS.
The immunoprecipitated DNA was recovered as described (Gendrel et al. 2002) and was quantitatively measured in triplicate by quantitative PCR using the ABI PRISM 7700 sequence detection system (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's recommendations. The quantitative PCR amplification was performed using a 5 ml aliquot of immunoprecipitated DNA as a template with 7.5 pmol primers and 6.25 pmol Taqman probe (the sequences of primers and Taqman probes are listed in Table 1 ) in a 25 ml reaction mix using Taqman Universal PCR Master Mix kit (Applied Biosystems). The standard curve was generated using 10, 1 and 0.1 ng of the input DNA quantified using a PicoGreen dsDNA Quantitation Kit (Molecular Probes, Eugene, OR, USA). All ChIP experiment were performed in triplicate. 
